The transcontinental spread of multidrug-resistant (MDR) tuberculosis is poorly characterized in molecular epidemiologic studies. We used genomic sequencing to understand the establishment and dispersion of MDR Mycobacterium tuberculosis within a group of immigrants to the United States. We used a genomic epidemiology approach to study a genotypically matched (by spoligotype, IS6110 restriction fragment length polymorphism, and mycobacterial interspersed repetitive units-variable number of tandem repeat signature) lineage 2/Beijing MDR strain implicated in an outbreak of tuberculosis among refugees in Thailand and consecutive cases within California. All 46 MDR M. tuberculosis genomes from both Thailand and California were highly related, with a median difference of 10 single-nucleotide polymorphisms (SNPs). The Wat Tham Krabok (WTK) strain is a new sequence type distinguished from all known Beijing strains by 55 SNPs and a genomic deletion (Rv1267c) associated with increased fitness. Sequence data revealed a highly prevalent MDR strain that included several closely related but distinct allelic variants within Thailand, rather than the occurrence of a single outbreak. In California, sequencing data supported multiple independent introductions of WTK with subsequent transmission and reactivation within the state, as well as a potential super spreader with a prolonged infectious period. Twenty-seven drug resistance-conferring mutations and 4 putative compensatory mutations were found within WTK strains. Genomic sequencing has substantial epidemiologic value in both low-and high-burden settings in understanding transmission chains of highly prevalent MDR strains.
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Mycobacterium tuberculosis is an ancient human pathogen that continues to cause substantial morbidity and mortality, in part due to an expanding global epidemic of drug-resistant disease. In the United States, nearly 90% of multidrug-resistant (MDR) tuberculosis cases occur among foreign-born individuals [1] , although the relative proportion occurring through reactivation of latent MDR strains, direct importation of active disease, and domestic transmission and reactivation, is not definitively known. Effective tuberculosis control strategies depend upon understanding these parameters among high-risk groups immigrating to the United States [2] .
Analysis of data from next-generation whole-genome sequencing (WGS) allows detection of minute differences in genetic diversity and has contributed retrospectively to outbreak investigations [3] [4] [5] [6] [7] and population-based studies [8] in high-income settings. In the study of drug-resistant tuberculosis, WGS has improved understanding of causal mechanisms of drug resistance [9] and mutations compensatory for fitness costs associated with drug resistance [10] . Yet, transcontinental molecular epidemiology of drug-resistant tuberculosis, including data from both high-and low-burden settings, is poorly represented in existing molecular epidemiologic studies of tuberculosis [11] .
During 2004-2005, high MDR tuberculosis case rates among refugees living at Wat Tham Krabok (WTK) in Thailand coincided with the final major resettlement of Hmong peoples to the United States [12] . Transcontinental importation and evidence for domestic transmission of a lineage 2/Beijing MDR M. tuberculosis strain led to major changes in Centers for Disease Control and Prevention (CDC) preimmigration tuberculosis screening protocols [13] . We generated and analyzed WGS data from M. tuberculosis genomes in both Thailand and the United States to clarify importation and establishment of the WTK strain within California.
METHODS

Study Population
Since the late 1970s, WTK (a Buddhist temple in Saraburi Province, Thailand) has been home to Hmong refugees fleeing political persecution in Laos. [12] , were available among CDC-banked specimens, and were included in our analysis [12] . Documented exposure among several patients who had MDR tuberculosis simultaneously, clustering of genotypes, concordant results of phenotypic drug susceptibility tests, and a high prevalence of tuberculin reactivity among household contacts were considered as evidence supporting an MDR tuberculosis outbreak within the camp.
California 
Conventional Genotyping
Extraction of genomic DNA from M. tuberculosis strains was performed during the log-phase growth of strains on culture medium. Spoligotyping, 24-locus MIRU-VNTR, and IS6110-RFLP genotyping were performed using standardized protocols. Isolates with an identical spoligotype (000000000003771), 24-locus MIRU-VNTR signature, and IS6110-RFLP (21-band pattern, ±1 band) were considered matching; for 12 of 31 California isolates (38%) and all Thai isolates, a 12-locus rather than 24-locus MIRU-VNTR genotype was available. Table 2 ) against an inferred common ancestor of all M. tuberculosis complex lineages. An inferred common ancestor, rather than a previously sequenced strain (eg, H37Rv), was used as reference to avoid recovering mutations present only in the previously sequenced strain. The average number of reads that covers each position in the reference genome ranged from 40× to 350× in different strains, with a median of 110×. Only nonredundant single-nucleotide polymorphisms (SNPs) identified with BWA and SMALT mapping were retained. For each strain, we called SNPs with Phred-scaled probability scores of >20, read depths lower than double the average read depth of the genome, and a minimum of 5 reads. For filtering dense SNPs, a maximum of 2 SNPs were allowed within a window of size 10. Subclusters of strains were taken to represent putative transmission chains and were defined as genetically related M. tuberculosis isolates (≤4 SNP difference and proximal phylogenetic relationship according to our median joining network) from individuals with presumed or likely epidemiologic contact. Drug resistance-associated mutations identified in the Tuberculosis Drug Resistance Mutation Database [14] were retrieved from the SNP list (Table 1 and Supplementary Table 3 ). Drug resistance-conferring mutations (DRMs) in rpoB are noted in the text by use of Escherichia coli notation; compensatory mutations were identified as nonsynonymous SNPs in rpoA or rpoC (Supplementary Table 3 ).
Phenotypic Drug Susceptibility Testing
Phylogenetic Analysis
To examine the genetic diversity of the WTK strain, we sequenced and analyzed all 46 genomic sequences in conjunction with 56 widely diverse and geographically distributed lineage 2 strains selected from a global database (Supplementary Figure 1 , Supplementary Table 1 and Supplementary Table 2 ). High-confidence DRMs were excluded from the diversity and phylogenetic analyses, since these are known to represent homoplastic events (ie, stereotyped evolution under the common selection pressure of antituberculosis medications).
Details about sequencing and phylogenetic analytic methods, including full references, are specified in the Supplementary Materials. . Infectious periods were estimated as the interval from 3 months prior to symptom onset or abnormal chest radiograph through 2 weeks following initiation of appropriate antimicrobial therapy [15] . Epidemiologic links are indicated as colored arrows (solid lines indicate known epidemiologic links, and dashed lines indicate possible epidemiologic links). Twenty-nine patients for whom we had sequence data for the infecting strains are indicated in the y-axis. B, Median joining network. Genome sequencing resolved the WTK cluster defined by conventional genotyping into several subclusters (≤4 SNP difference, proximal phylogenetic relationships, and epidemiologic linkages) in both California and Thailand (Figure 1 ). In Thailand, only 3 of 12 cases (25%) regarded as epidemiologically linked in transmission chains were confirmed by genome sequencing. Moreover, we observed multiple branch points in the network, consistent with several closely related but distinct allelic variants (ie, a highly prevalent strain), rather than evidence of a single outbreak characterized by short genetic distances representing recent chains of transmission (eg, well-characterized in our study by the B-D-H-L-N group in California). The presence of a highly prevalent strain was further supported by multiple distinct combinations of DRMs, indicating drug resistance acquired independently on multiple occasions, rather than transmission of 1 drug-resistant strain from patient to patient (Figure 2) . In California, genomic data supported a single case ( patient E) whose isolate occupied the central node in the WTK network within California. Patient E arrived in the United States in the mid-1980s; received a diagnosis of cavitary, smear-positive MDR tuberculosis 2 years later; withdrew from treatment within a year; and had sputum smear-positive MDR tuberculosis diagnosed at death, 10 years later, indicating a potentially prolonged infectious period. Seven cases (A, C, F, G, O, Q, and X) were contemporaneous with case E, and all had isolates that shared similar genotypes (≤4 SNP difference), suggesting that these cases may be in a chain of transmission. However, contact investigations could identify definitive epidemiologic links only among a subset of cases (O and X) that were extended family or household contacts (Figure 1) . Interestingly, the isolate from patient 17 (who had MDR tuberculosis diagnosed in Thailand and had not been in contact with patient E for >15 years) cooccupied the central node of the network with a nearly identical genotype. Epidemiological data integrated with the genomic network also demonstrated multiple independent importation events from Thailand with reactivation and transmission within the state. Patients I, S, P, Y, and R arrived in the United States following the death of patient E and likely represent independent importation events. Patients D and R 1 had a second episode (M and R 2 , respectively) of MDR tuberculosis, the former considered reinfection and the latter considered relapse following incomplete treatment. Public health contact investigation activities at the time of the most recent Hmong resettlement (2004) also documented an MDR tuberculosis outbreak. This outbreak involved two neighboring households and presumed transmission to a US-born person in a school setting. Genomic data demonstrated only minor differences in SNPs (≤4) between the isolate from patient B (the index case) and those from subsequent cases (H, L, M, and N) in this transmission chain. Overall, genomic data supported all known links (100%; 10 of 10) and 78% of possible links (7 of 9). In addition, 7 other links (AA-BB, E-A, E-C, E-F, E-G, E-Q, and I-W-Y) were suggested by genomic data but were not supported epidemiologically. Of note, directionality according to WGS violated the temporal sequence of linked cases within 2 subclusters (eg, J-F and B-L); this could be explained by the presence of missing cases (eg, in subcluster J-F, 3 additional nongenotyped cases occurred in the same family), timing of transmission relative to specimen collection, or mixed infection with multiple strains.
Phylogeny
WTK isolates from both Thailand and California were closely related (fixation index, 0.027) with a median of 10 SNPs (range, 0-20 SNPs) differentiating strains ( Supplementary Figure 1 and Table 2 ). In a sensitivity analysis, the fixation index did not significantly differ according to whether the 5 imported MDR tuberculosis cases were considered in the California or Thailand group. Moreover, the California strains showed a higher genetic diversification, compared with the Thai strains (π [±SD], 0.07 ± 0.005 vs 0.05 ± 0.005), suggesting multiple importation events followed by the establishment and evolution of multiple WTK clones within California. This is further supported by the temporal appearance of the WTK strain in California and the finding that certain combinations of DRMs and compensatory mutations (eg, identical sets of embB resistance-conferring mutations) mapped exclusively to particular subclusters of the network (Figure 2) .
We found that the WTK strain was separated from all other lineage 2 strains sequenced to date and was defined by 55 specific SNPs present in all WTK isolates but absent in other lineage 2 strains (Supplementary Figure 1 and Table 2 ). Fourteen of these SNPs were found in intergenic regions, and 41 were found in coding regions, 24 (59%) of which were nonsynonymous (Table 2) . Additionally, one intergenic SNP (between Rv0278c and Rv0279c) was homoplastic. All strains harbored genomic deletions previously described to be associated with lineage 2 strains (RD105, RD207, RD181, RD149, and RD152) [17] , although only WTK strains harbored an additional deletion affecting the genetic locus Rv1267c.
Drug Resistance and Compensatory Mutations
High-confidence DRMs corroborated phenotypic drugsusceptibility test results, indicating resistance to isoniazid (katG S315T), rifampin (rpoB H526D/Y/R and S531L in 1 subset each), ethambutol (embB [A378E in all and M306L/V/I, D354A, and G406A in 1 subset each); Rv3806c D149E]), and streptomycin (rpsL K43R) were found (Table 1 and Supplementary Tables 1  and 3 ) [14] . An identical katG mutation in conjunction with differing rpoB mutations indicates that a progenitor of the WTK strain was likely isoniazid resistant but not MDR. Additional pyrazinamide (pncA) and capreomycin (tlyA) DRMs were present in subsets of isolates. Following misdiagnosis and known fluoroquinolone exposure, patient X was found to have extensively drug-resistant tuberculosis with an isolate demonstrating heteroresistance to fluoroquinolones (both wild type and mutation gyrA D94N were detected). Four possible compensatory mutations in rpoC (Supplementary Table 3) were found in strains with rpoB S531L:V775M (patients 6, W, and I), F831L (patient X), W484G (patient 7), and P309S (patients F and J; Figure 2 ). In Figure 2 . Median joining network with mapping of drug-resistance mutations. The relationships of 46 Wat Tham Krabok (WTK) isolates were determined using 150 variable single-nucleotide polymorphisms (SNPs), as described in Figure 1B . Isolates are coded according to embB (fill color) and rpoB (border color) mutation; other drug resistance and putative compensatory mutations are indicated in branches. Note that strains with matching drug resistance and/ or compensatory mutations are clustered together. Shading indicates the relative SNP difference with respect to the central node.
contrast, only a single rpoC mutation (S561P in patient 17, subclusters A-U and AA-BB) was associated with rpoB H526R.
In addition to 26 high-confidence DRMs (Table 1 and Supplementary Table 3 ), the WTK strain harbored 17 nonsynonymous or intergenic mutations recently proposed to be associated with multidrug resistance [18] . However, most of these mutations (12 of 17) have been previously identified as phylogenetic markers (6 SNPs are associated with lineage 2, 4 SNPs are associated with sublineage 2, and 2 SNPs are associated with lineages 2, 3, and 4) [16] and are therefore unlikely to have a causal association with drug resistance. Of the 5 remaining mutations, 1 each was distributed among 5 WTK strains, indicating a nonessential role in the propagation of the WTK strain.
DISCUSSION
We used next-generation sequencing data to delineate the longitudinal clonal expansion of a lineage 2/Beijing MDR strain of M. tuberculosis among persons of Hmong ethnicity emigrating from a Southeast Asian setting with a high burden of MDR tuberculosis to the United States. We found that the domestic MDR tuberculosis rate among Hmong persons was >3 times that of the general population in California, a situation facilitated by poverty and social isolation following resettlement in the United States [19, 20] . Genomic data provided evidence against what was previously thought to be an MDR tuberculosis outbreak in Thailand, indicated a central role for specific individuals in the establishment of the WTK strain in California, and confirmed multiple importation and subsequent reactivation events over a 22-year period.
Contact investigations aim to identify cases of active and latent M. tuberculosis infection among contacts in order to institute effective preventive therapy. This effort has been supplemented by M. tuberculosis genotyping based on mobile and repetitive genetic elements for >2 decades. However, conventional genotyping techniques examine <1% of the M. tuberculosis genome and are often insufficiently specific in outbreak situations, owing to a rate of change (the so-called molecular clock) that is slower than the rate of ongoing transmission and pathogenesis [21] . In contrast, WGS provides high-resolution molecular mapping of M. tuberculosis that can identify short-term transmission events, even in the context of highly prevalent strains.
In our study, genomic data were decisive in resolving a putative MDR tuberculosis outbreak in Thailand into multiple allelic variants of a highly prevalent strain. Despite extensive contact among cases and identical conventional genotypes [12] , most cases were not related within recent transmission chains. Strains from lineage 2 (the East Asian lineage, which includes the Beijing family of strains) are associated with an increased risk of drug resistance [22] [23] [24] and have been found to account for the majority of MDR tuberculosis cases in monophyletic fashion in other settings [8] . In California, a setting with a lower tuberculosis burden examined over a longer interval, conventional genotyping was sufficient to distinguish the WTK strain from other MDR strains and to discern relatedness to the 2004 investigation in Thailand. High-resolution molecular techniques were necessary, however, to resolve short-term transmission chains, distinguish relapse from reinfection, and identify the central role of a potential super spreader in transmitting the WTK strain within California.
Interrogation of the complete M. tuberculosis genome is also advantageous in that it may identify genetic markers that explain phenotypic consequences. We identified a deletion of Rv1267c (EmbR) within the WTK strain that may simultaneously directly confer ethambutol resistance through mutations in the kinase-interacting domain of EmbR [25, 26] and alter the ability of the host to mount an efficient immune response through functional changes in the ratio of lipoarabinomannan (LAM) to lipomannan (LM) [26, 27] . The LAM/LM ratio has been associated with mycobacterial virulence, phagosome maturation, [28] apoptosis [29] , and interferon signaling [30] in macrophages and with interleukin 12 cytokine secretion by dendritic cells, all of which result in increased fitness [31] . Previous work in several bacteria, including M. tuberculosis complex, has shown that mutations in rpoC can compensate for the fitness defects associated with mutations in rpoB that confer resistance to rifampin [10, 32, 33] . In M. tuberculosis, these rpoC mutations have been strongly associated with the rpoB S531L mutation, which is the most frequent mutation in rifampin-resistant clinical strains [10] and associated with a minor fitness defect in M. tuberculosis [34] . Hence, many different rpoC mutations seem to be able to compensate for the fitness defect associated with rpoB S531L. Our study supports this view, since 4 of 5 rpoC mutations that we identified were found in strains carrying rpoB S531L. Interestingly, an alternate rpoC mutation (S561P) was strongly associated with rpoB H526R. rpoB H526R has been shown to have a much greater fitness cost than rpoB S531L [34] . The fact that we found only a single rpoC mutation linked to rpoB H526R suggests that compensation is somehow restricted in mutants carrying rpoB H526R, perhaps because the deleterious effect on fitness is stronger and therefore more difficult to compensate. More work is needed however to confirm this hypothesis.
Positive selection in strains exhibiting increasing levels of drug resistance map almost entirely to drug resistance-associated genes, and for drug-resistant M. tuberculosis (as in other microbes) [35] , the molecular antibiogram (ie, the collection of detected DRMs) has been used to corroborate other genotypic information in inferring chains of transmission [36] . In our study, embB resistance-conferring mutations were strikingly congruent within network subclusters. However, our study was not powered to examine the utility of DRMs as phylogenetic markers, and homoplasy would likely be a limiting factor for analyses undertaken on a broader scale [37] .
Our study has potential limitations. First, estimates of clustering are typically based on a nonrandom sample of cases in a given community, and inference of transmission chains is subject to the same limitations as conventional genotyping with regard to sampling fraction and cluster size [21] . In Thailand, and prior to 2004 in California, there was incomplete sampling of the population base. Thus, missed isolates identical to or highly similar to that infecting the putative super spreader ( patient E) might have provided an alternate explanation for some of the transmission of the WTK strain in California. Second, information on epidemiologic links was abstracted retrospectively. Although detailed contact investigation data were often available, in particular for California cases, collecting additional information prospectively was not feasible. Thus, some epidemiologic linkages and subsequent relationships between patients might be missed, including the identification of alternate source cases. Third, we avoided application of strict SNP cut points in inferring direct transmission. Accurate estimation of transmission trees relevant to public health practice will continue to require a context of conventional epidemiologic information and a nuanced approach to SNP differences. This approach must account for within-person genetic variability (ie, pathogen variability during the same tuberculosis episode) and betweenperson genetic variability (ie, pathogen variability during sequential transmission events) due to microevolution [38] , mixed-strain infection [39] , and heteroresistance [40] . Further, because SNP variability is heterogeneous in tempo across the full genome [41] , accurate measurement of a molecular clock will require calibration of SNP changes to the gene regions they occupy.
In conclusion, WGS has epidemiologic added value in lowand high-burden settings and aids our understanding of the transcontinental dispersion and transmission of MDR M. tuberculosis. Used in real time, WGS may have alerted public health authorities to the presence of missing cases in chains of ongoing transmission or unknown sites of transmission in both Thailand and California. However, overall improvements to tuberculosis control or patient-important outcomes, along with questions of cost-benefit in low-burden settings, remain to be determined.
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